For mutS, mutL, mutH, and mutU genes, nucleotides informative for the parsimony are given among ingroup members, whereas they are given for all the strains for mutT and recD genes. c Non-synonymous base substitutions were inferred onto the most parsimonious tree. d The given P values correspond to the P calculated before and after the removal of incongruent taxa, respectively (significance threshold P ϭ 0.05). e Corresponds to the number of strains that have to be removed to clearly raise the P-value above the significance threshold. f The length of recombined sequences might extend outside of the sequenced DNA for 2 mutL, 3 recD, 3 mutH, 3 mutS, and 6 mutU genes.
et al., 1997; Oliver et al., 2000). Because inactivation of Results

MMR greatly increases recombination rates between related strains and species, MMR-deficient strains Phylogenetic Analysis of Mismatch Repair Genes might have contributed considerably to recombination
The incongruence between gene and strain phylogenies that has given rise to the observed genomic sequence provides evidence for horizontal transfer that has ocmosaicism of E. coli natural isolates (for reviews see curred in the relatively recent evolutionary past (DykhuMilkman and McKane, 1995; Guttman, 1997). For most izen and Green, 1991; Bull et al., 1993). To test for horiof the recombined genes, it is not possible to know zontal gene transfer of E. coli MMR genes, mutS, mutL, whether a recombination event happened in an MMRmutH, and mutU(uvrD) and two control genes (mutT and proficient or -deficient background. However, like any recD) were partially sequenced from 30 natural isolates other gene, the MMR genes themselves can be subject (Table 1) 
Experimental Procedures). Horizontal transfers of chromosomal genes between
The ILD test showed significant incongruence of strains can be revealed by incongruence (i.e., disagreemutS, mutL, and mutU genes with the whole genome ment) between individual gene and strain phylogenies reference data set; it was nearly significant for mutH (Dykhuizen and Green, 1991; Bull et al., 1993). We have gene, but it was not significant for mutT and recD genes looked for such incongruence by comparing the phylog- (Table 1) . To measure the extent of incongruence due to enies of MMR genes with the strain phylogeny in a reprerecombination, single strains or combinations of strains sentative set of strains from the ECOR collection of E.
were progressively removed and the analysis repeated coli natural isolates (Ochman and Selander, 1984) to until the incongruence was no longer significant. For test the hypothesis that in the course of their evolution, mutS, mutL, and mutU, at least eight, three, and three bacteria have been alternating between MMR-proficient strains, respectively, have to be removed to raise the and -deficient states. As a control, two more genes have P-value above the significance threshold ( The diversity of chromosomal DNA sequences present in natural populations results from the activity of molecupon the length of the compared sequences, the relative number of transfers (tЈ), which corrects for these effects, ular mechanisms that control the rate of accumulation of genetic variability as well as from natural selection was calculated. tЈ is also significantly higher for the MMR genes than for mutT, recD, and the housekeeping genes that acts on this variability. Hence, the frequency of detectable horizontal gene transfers in natural popula-(Mann-Withney test, p ϭ 0.0055; Figure 2 ). When more stringent criteria (four and five mutations; see suppletions is dependent on the rate of transfer from donor to recipient cell, recombination rate, and the fitness of the mental Appendix available on the Cell website) for detection of recombined fragments were used, tЈ was still recombinants. Although it is likely that all chromosomal regions have a similar probability of being exchanged, significantly higher for MMR genes than for control group (data not shown). Interestingly, different MMR the selection acting on a given recombinant gene depends on its function and the interactions of its product genes show different numbers of horizontal transfers: with other cellular components. For example, it has been significant incongruence as a result of horizontal gene transfers (Figures 1-3) . In all cases, it was possible to observed that genes encoding proteins participating in identify unambiguously the phylogenetic origin of actranscription and translation are less likely to be sucquired sequences. DNA sequence analysis indicates cessfully transferred than other housekeeping genes that different MMR genes show different levels of intra-(Jain et al., 1999). Housekeeping genes are exchanged genic recombination, but all of them clearly have a higher at lower rates than genes encoding surface antigens level of mosaicism than the housekeeping genes (Figand antibiotic bly as a consequence of higher frequencies of successful intragenic recombination. (data not shown). However, this is in contrast with ‫%08ف‬
The observed correlation between the hyperrecombiamino acid changing mutations observed for dominant nation phenotype of different MMR Ϫ alleles and the fresurface antigens, such as the major outer membrane quency of inferred intragenic recombination events within the corresponding MMR genes strongly supports protein in Chlamydia trachomatis, which is subjected to The effect on recombination between divergent DNA sequences is expressed as the logarithm of the ratio between the median frequencies of homeologous (homeo) and homologous (homo) conjugational recombination (see Figure 4) . The relative number of transfer events (tЈ) occurring along the evolutionary trees of mutS, mutL, mutH, mutU, mutT, and trpB genes is expressed as the standard deviation () from the mean calculated from 10 housekeeping, mutT, and recD genes (see Figure 2) , respectively (Mao et al., 1997; LeClerc et al., 1998). Therefore, highest level of recombination among MMR genes was observed within the mutS, which in some strains showed our data suggest that MMR-deficient alleles are not neutral and that, due to the genetic diversity they generate, mosaicism originating from at least three different phylogenetic groups ( Figure 3B) . Clearly, the restoration of they are subject to positive natural selection during adaptation and negative selection when adaptation is MMR functions by recombination with an identical gene (which is expected to be the most efficient recombinaachieved. tion) leaves no detectable trace at the DNA sequence level, and may also often erase a mosaic gene by replac-
Peculiarities of MMR Mutator Strains ing it. Thus, the rates of loss and reacquisition of MMR
Inactivation of over 20 different E. coli genes can confer functions inferred from this study must be greatly undermutator phenotypes of different strengths (for reviews estimated. ECOR1, 4, 10, 13, 17, 20, 23, 24, 26, 27, 34, 35, 37, 40, 41, 45, 46,   genotypes they generate by associating beneficial mu-47, 49, 50, 51, 52, 57, 58, 59, 60, 62, 64 mosaicism (Figures 1 and 2 ; Table 1 
